! 

.1*  / 


V'.  'it-*-  \ 


‘-r-Wmffi 

<■'  tefe 


NRl-R-911 


T’-f  iV-;;  -f --  i 

;"‘ -  --J 
.ii 

lift 

fesx^v.vri 
£.?-•* <y.:/ .;! 


■&£'2i(S&2 


-  UtfAMLU rrx 

I 

f %?*'&*■.'£  1 

jlfilpt'jftvvS 

.•wi.-aE-.rS- 

,  ^“*1.  Xit.  . 
//  .  2.  ^. 


AR-ona-ftfW 


a 

<7> 

00 


DEPARTMENT  OF  DEFENCE 

DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 
MATERIALS  RESEARCH  LABORATORIES 

MELBOURNE,  VICTORIA 

REPORT 

MRl-R-911 


g 


CYCLIC  VOLTAHNETRY  OF  POLYSIILFWE  (THIOICOL) 
PREPOLYMERS  AND  RELATED  COMPOUNDS 


Wsldwiar  M^zurek 


THE  UNITED  STATES  NATIONAL 

TECHNICAL  INFORMATION  BtS'VWI 

13  AUTHORISED  TO 

RSPhdooCc  AND  SELL  THIS  REPORT 


Approved  (or  Public  taliui 


DTIC 

flBELECTEJk 
VMAR38W4  1 


t 


sy  03  «*?  //j 


Cofrunoow**!*  o»  Auwreli* 


DKMDI,  1981 


i  I 


”  I  ! 


I 

< 

| 


I 

I 


I 


I 


I 


I 

4 


1 


i 


-i .  -  -  -  ~~  -  •  -t 

i 

__  i 

DEPARTMENT  OF  DEFENCE 

I 

MATERIALS  RESEARCH  LABORATORIES 

REPORT  I  | 

i 

MRL-R-911 

! 

■  i  i 

»  ! 

CYCLIC  VOLTAMMETRY  OF  POLYSULFIDE  (THIOKOL) 

PREPOLYMERS  AND  RELATED  COMPOUNDS 


Waldemar  Hazurek 


ABSTRACT 


'tha  cyclic  volt  I  — try  of  polyrulf  Ida  prapolyaara  and  rain  tad 
nonoaarlo  sulfur  ooapounda  haa  baan  asaainad  at  a  gold  wlra  alaotroda. 
tlactroda  procaaaaa  haaa  baan  aaaignad  to  tha  poiyiulf  Ida  prapolyaara  on  tha 
baa  la  of  thoaa  occurring  in  tha  nodal  conpounda.  It  haa  baan  shown  that  tha 
tachalqua  any  ba  uaad  in  tha  quantitativa  da tarai nation  of  sulfur  or  in  tha 
dataralnation  of  prapolyaar  eontant  in  a  coaawreial  formulation. 


Approvad  for  Public  Palaasa 


DTIC 

SELECTEJn 

MAR  2  9  1084  J  ■ 


POSTAL  AODMIf:  Olracior.  Malarial*  Raaaarah  Uoomohaa 

P  0.  Sa>  (0.  Aaco)  Vata.  Vkctarta  3033,  Auabalta 


it* 

& 


i  ... 


SECURITY  CLASSIC ICATION  3f  THIS  RAGE 


UNCLASSIFIED 


DOCUMENT  CONTROL  OATA  SHEET 

REPORT  MO. 

HRL-R-91  1 

Aft  mo.  report  security  classification 

AR-003-809  UNCLASSIFIED 

TITLE 

CYCLIC  VOLTAMMETRY  QF  POLYSULFIDE  (TBIOKOL) 

PREPOLYMERS  AND  RELATED  COMPOUNDS 

AUTHOR!  S)  CDWORATt  AUTHOR 

mtarlai*  Rataareh  LaBoraTorlaa 

MA2UR.EA,  Maldeaar  R.O.  Bt»  SO. 

•a  cot  Yala,  Victoria  JOJ2 


«0»O*T  OATE 

DECEMBER,  1983 

T A9<  w0, 

AIR  80/051 

SPONSOR 

AIR  FORCE 

CLASS  IflCAT  IONA. IMITATION  REVIEW  OATE 

CLASS  1 F ICAT 1 0N/RCiC ASE  AUTHORITY 
Suparintendant,  HRL 

Organic  Chaaiatry  Division 

SECOHOAJrr  DISTRIBUTION 


Approved  for  Public  Rt  Uni 


ANNOUIC0«NT 


Ann ounca want  of  this  raport  i»  un  Li  ad  tad 


KEYWORDS 

SEALERS 

POLYSULPHIDE  RESINS 
ELECTROCHEMISTRY 


COSAT  l  QNOUPS  0704  1101 

ABSTRACT 


Tha  cyclic  raltitaa  cry  of  polyaulf  Ida  prspolyaars  and  ra  la  Tad 
aonoaaric  aulfur  coapounds  haa  baan  axaainad  at  a  90 Id  Hi ra  alaotroda. 
Elaetroda  procaaaaa  hava  baan  assigned  to  tha  polyaulflda  prapolyaara  on  tha 
baaia  of  thoaa  occurring  in  tha  aodal  coapounda.  It  has  baan  shown  that  tha 
tachniqua  aay  ba  uaad  in  tha  quantltativs  4a tarai nation  of  aulfur  or  in  tha 
datarmi nation  of  prapolyaar  content  in  a  coaaarelal  formulation. 


COM  TENTS 


1S3! 


INTRODUCTION 


RESULTS  MID  DISCU8SION 


EXPERIMENTAL 


REFERENCES 


Accession  ?or 


HTIS  ORAil 
DTIC  TAB 


Unannounced  I 

Just  1  f  lent  101 


By - 

Distribution/ 


A  ve 

Dial 


I  lability  Cod 
'Avail  sad/or 
)  Spec'al 


CYCLIC  VOLTAMMETRY  OF  POLYSULFIDE  (THIOVQL) 
PREPOLYMERS  AND  RELATED  COMPOUNDS 


1 .  INTRODUCTION 


Polysulf id*  polymer*  form  durabls,  flexible  sealants  which  are 
resistant  to  fuels*  They  have  found  widespread  application  in  the  marine  and 
construction  industries  P.2]  and  they  are  considered  essential  materials  for 
use  in  all  types  of  solitary  aircraft. 

The  prepolymers  have  the  general  formula: 


H(S.CH2.CH2.O.CH2.O.CH2.CHj.S)nH 

with  average  molecular  weights  in  the  range  of  1000  to  8000  (1,21. 

Crosslinking  agents  are  also  Incorporated  to  impart  solvent  resistance. 
Polymerisation  of  the  prepolymer  is  usually  accomplished  through  oxidation  of 
the  terminal  thiol  group*  to  fora  disulfides.  In  son*  cases  these  oxidations 
reactions  are  known  to  involve  the  formation  of  intermediate  compounds  (1.31 
but  few  have  been  documented.  Thus  a  knowledge  of  the  various  redox  reactions 
which  occur  in  such  oxidation  procsaaas  is  necessary  to  understand  the 
chemistry  of  tha  curing  mechanism. 

In  addition,  associated  with  the  use  of  the  polysulfide  sealants  by 
the  RAAF  is  the  problem  of  long  term  storage  of  the  formulated  prepolvmers 
which  over  a  period  of  time  become  very  viscous  and  hence  unusable. 
Characterisation  of  the  reactions  typical  of  the  prepolymer  functional  groups 
is  consequently  vary  relevant  to  this  problem.  Because  redox  reactions  are 
fundamental  to  tha  behaviour  of  thioLs/disulf Idas,  electrochemical  techniques 
are  most  appropriate  to  these  compounds. 

Although  the  electrochemistry  of  low  molecular  waiqt.t,  monomeric 
thiols  and  disulfides  has  bean  extensively  reported,  only  one  polarogrsphic 


i 


study  has  been  reported  for  polysuifides  (41.  Tn  th*  present  work,  the  cyclic 
voltammetry  of  thiols,  disulfides  end  a  tritulf  .de  is  examined  at  a  qold 
electrode  and  comparisons  are  made  with  polytull'ide  (Thiokol)  crepolysers. 
kl  though  the  polysulfida  prepolyeers  contain  eauentially  disulfide  and  thiol 
functional  groups ,  trisulfidee  are  generated  as  intermediates  in  the 
manufacturing  process  (ll.  The  purpose  of  including  a  trisulfide  in  the 
present  work  is  to  dstersine  whethsr  it  can  be  elactroohemieally  distinguished 
from  disulfides,  and  if  ao,  whether  such  compounds  can  be  detected  in 
poiyaulfide  prepolymers . 

Earlier  studies  on  the  electrochemistry  of  thiols  and  disulfides 
were  carried  out  at  a  mercury  electrode  on  cyiteina  and  cystine.  The 
reduction  of  the  cystine  disulfide  bond,  in  aqueous  solution,  was  found  to  be 
alectrochemically  irreversible  [5-8]  with  the  overall  reaetlon  being: 

USSR  *  2a  ♦  2H+  ♦  2RSH  (1) 


The  data  supports  evidence  for  a  reaction  with  che  electrode: 

RASH  ♦  Hq  I  Hg(RS)j  (2, 

HgtRHlj  *  2e  *  *  Hg  *  2RSH  (J) 


For  the  case  of  cystine  both  reactions  (2)  and  (3)  ara  reversible  and  era 
manifested  as  s  kinstically  controlled  prewsve.  Rt  sore  negative  potentials, 
process  O)  is  observed  as  an  irreversible  mein  wave  [7], 

Slailar  behaviour  is  observed  in  the  electrochemistry  of  thiols  at  a 
mercury  electrode  [9] : 


ML  *  Hq  »  HgM  +  H*  +  e  (4) 

feat 

2HgR*  *  Hg<R*)j  *  Bg  (5) 


Chemical  reaotiona  of  this  nature  are  not  apparent  at  the  platinum 
or  gold  electrodes.  However,  other  reactions  have  been  suggested  as  taking 
place  in  the  ease  of  cysteine,  in  an  equnous  eadium  (10,11): 

RSH  ♦  R8-  ♦  8*  +  a 

RS*  ♦  JHjO  ♦  RflOjH  *  Se  ♦  5H*  (6) 

Pt  ♦  HjO  *  PtO  ♦  1H*  ♦  2a 
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Platinum  and  gold  electrodes,  in  contrast  to  msrcury.  afford  a  wide 
rang*  of  uaabls  working  potential*.  Consequently  both  the  reduction  and 
oxidation  processes  of  thiol*  become  accessible.  Of  the  two  solid  electrodes, 
gold  ha*  a  high  oxidation  potential  and  the  absorption  of  hydrogen  appears  to 
be  less  apparent  (11, 12).  The  low  popularity  of  this  electrode  is  due  to  the 
difficulty  in  foming  a  seal  with  glass. 


1. _  RESULTS  AND  DISCUSSION 


Many  reports  on  the  electrochemistry  of  the  thiol  group  have 
concentrated  on  aqueous  solutions.  However,  the  solubilities  of  the 
polysulflda  prepolynars.  aliphatic  thiols  and  disulfide*  are  Halted  to  non- 
aqueous  solvents.  Of  the  solvents  which  suit  the  requi resents  of  solubility 
and  potential  range,  dlea thy If area aide  (DMF )  is  seat  suitable  due  to  its 
ability  to  iisaolv*  eoat  compounds,  lint  volatility  and  wide  taaperatur*  range 
which  allows  aaasureeenta  froa  -61*  to  155*C.  However,  this  solvent  la 
suaeaptibl*  to  degradation,  aven  at  rooa  teaperatura,  with  the  formation  of 
dinethylaain*  and  carbon  monoxide  till. 

The  anodic  Uniting  raaction  of  OHP  in  the  presenca  of  a  perchlorat* 
supporting  electrolyte  is  oxidation  by  removal  of  an  elactron  froa  the  aside 
nitrogen  followed  by  the  lost  of  a  proton,  resulting  In  formation  of 
HCOtKCHjlCHj  which  may  participate  in  electrode  reactions  (13,14). 


Because  of  their  solubiUty  in  a  wide  rang*  of  solvents,  tetrsa Iky  1- 
aasnnlua  salts  are  aoet  aoaaonly  used  aa  supporting  elsctrolytss.  Limiting 
rsduction  potentials  of  up  to  -2.B3V  vs.  ths  SCS  (saturated  calomel  alactiode) 
at  a  aarcury  marking  alectrod*  have  been  reported  with  tetrabutylaaaoniua 
perchlorate  in  DM F,  while  tetraethylaaaoniua  perchlorate  is  United  to  -2.7V 
H51. 
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Associated  with  the  uee  of  nonaqueoue  solvents  in  electrochemical 
etudiee  ti  the  probl.ee  of  Junction  potentials  when  aqueous  reference 
electrodes,  such  as  3CK,  are  used.  This  decreases  the  reliability  of  the 
reference  potential.  The  low  conductivity  of  nonaqueous  solutions  increases 
the  internal  resistance  of  the  electrochemical  cell  (ohmic  drop)  compared  with 
that  of  an  aqueous  medium. 

The  uee  of  the  f erroceniue/ferrocene  couple  (Fe+/Fe>  as  an  internal 
reference  can  ainimise  these  problems  [161.  The  potential  of  the  couple 
remains  constant  and  independent  of  the  solvent  (1?)  provided  that  no  reaction 
occurs  with  the  contents  of  the  electrochemical  cell.  Under  these 
circumstances  the  couple  is  observed  at  +0.400V  vs.  HHX  (normal  hydrogen 
electrode). 

it  the  couple  is  electrochemically  reversible,  the  difference 
between  the  anodic  and  cathodic  peak  potentials  (AS  )  should  be  equal  to 
60eV  [id],  A  higher  value  indicates  an  ohmic  drop  in  the  cell  circuit  arislnq 
from  the  resistance  of  the  solvent  (191.  For  a  given  tolvent/electrolyta 
system  with  a  reversible  ecuple,  variations  in  AS  are  usually  due  to  the 
distance  of  the  working  electrode  from  the  reference  electrode. 

Subsequent  to  eech  experleent,  the  reference  electrode  wee 
calibrated  eqalnst  the  rc*/Tc  couple.  Using  this  technique,  e  aeries  of 
thiola,  disulfides,  polyaulfide  prepolymers  and  a  trisulfide  were  examined  by 
cyclic  voltammetry  at  a  gold  wire  electrode,  in  the  range  -J.Tjv  to  *).23V 
(vs.  Tc*/Tc )  • 

(a)  Thiols 

The  cyclic  voltaaaograa  of  ) -butane thiol  (rig.  l)  shows  a  broad 
reduction  peek  (J)  at  '2.38V,  on  the  initial  scan  and  at  '2.30V  on  aubeequant 
•  cane  at  ' 00m Va*  a  can  rata.  Tha  reduction  proceaa  is  alectrochemlcally 
irreversible.  On  the  reverse  scan  an  oxidation  peak  (2)  at  -0.64V  la 
generated  from  the  products  arising  from  (1).  A  principal  oxidation  peak  (3) 
is  observed  at  +0.8SV.  On  the  second  scan  a  reduction  peak  (4)  appears  et 
•l  • )  6V  which  was  not  present  during  the  initial  scan. 

Studies  of  aliphatic  and  aromatic  thiols  in  acetonitrile  (gold 
alactroda)  (201  and  DM T  (platinum  electrode)  (2)1  suggest  that  the  electrode 
processes  may  be  assigned  es  follows i 


2MH  ♦  2a  *  2*8*  ♦  Hj, 

peak 

()), 

-2.38V 

(8) 

2RS'  •  RASA  ♦  2a, 

P*A* 

(2), 

-0. 64V 

(9) 

2*8  H  *  MSA  +  2e  ♦  2B*, 

peak 

(3), 

♦0.8SV 

(10) 

2H  ♦  2#  *  t 

peak 

(4). 

-) . 1«V 

(11) 
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RSSR  ►  2«  ♦  2RS' 


2RSH  ♦  2*  *  2RS*  ♦  H- 


peak  ( 1  ‘  ) ,  -2.30V 


Th«  reoxidatlon  of  the  thiolate  anion  of  the  thiol: 


2RS  ♦  H,  *  2RSM  ♦  2e 


is  not  apparent  under  the  axperlnental  conditions  reported  in  this  work 
although  it  has  been  observed  in  the  case  of  thiophanol  in  DWF  at  a  platinum 
electrode  ( -0.56V)  (21).  The  thiol  is,  however,  regenerated  as  indicated  by 
the  constant  height  of  peek  f  3 )  with  continuous  scanning. 

(b)  Disulfides 

The  cyclic  voltaaaograa  of  dibutyl  disulfide  at  200nVs~1  scan  rats, 
shows  a  reduction  peek  (1)  et  -2.28V  (Fig.  2).  The  principal  reduction 
process  being: 


RSSR  ♦  2e  .  2RS 


peak  (1),  -2-28V 


An  oxidation  peak  (2)  is  apparent  et  -C.61V  which  arises  from  the 
oxidation  of  the  thiolatei 


2RS  *  RSSR  *  2a, 


peak  (2),  -0.61V 


The  appearance  of  this  peak  is  dependent  on  process  (14)  and  its  Intensity  is 
klnetiealj.y  controlled  In  the  range  20  to  500tV»”  .  At  low  scan  rates 
(<  S(taVs~  )  it  Is  barely  evident  against  ths  solvent  background  current.  This 
behaviour  is  Indicative  of  a  cotape  ting  reaction: 


R8  ♦  reactants  *  product  (alaetroinactlve)  (16) 

(solvent,  electrolyte) 


•  t  ' 


i  i  l 
1  ' 


Reek  (3)  is  Independent  of  procees  0  4)  and  consequently  it  does  not 
arlss  froa  the  reaction  product  of  this  procsss.  Studies  of  diphsnyl 
dlsulfids  in  acetonitrile  using  LiClO.  as  ths  supporting  electrolyte,  have 
Indicated  the  formation  of  bensenaaulzonate  at  highly  positive  potential* 

(22).  A  similar  process  ssy  be  responsible  for  peak  (3): 


*  C10a 

R3SR  *  (RSSR)  ♦  a  - i* 


peak  (3),  *0,78V  (17) 
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The  cyclic  voltammetry  of  diphenyl  disulfide  shows  that  it  Is  more 
easily  reduced  than  either  dipentyl  disulfide  or  dibutyl  disulfide.  Process 
( '  4)  occurs  at  -1.888V  (at  SOmVs  ,  scan  rate)  and  consequently  it  is  easily 
discerned  in  the  presence  of  the  aliphatic  analogues.  Process  (IS)  also 
occurs  at  a  less  negative  potential  (-0.470V  at  SOmVe*' ,  scan  rate)  and  shows 
a  lower  dependency  nn  scan  rate  in  the  range  20  to  1000  mVs'1.  This  is 
indicative  of  a  slower  competing  reaction  than  that  observed  for  the  aliphatic 
disulfides  (16). 


PhS 


(solvent. 


reactants 

supporting  electrolyte) 


alow 


product 

(electrolnaetive ) 


(18) 


(c)  Dibutyl  Trlsulflda 


The  cyclic  volte  ana  try  of  dibutyl  trisulfide  is  far  sore  coeplex 
than  that  of  the  corresponding  diaulfida.  Differences  are  most  apparent  in 
both  the  reduction  processes  and  in  the  oxidation  of  the  resultant  products 
(Fig.  3).  Two  raduetion  peaks  (1,1’)  are  evident  (-2.079V  and  -2.347V)  at  a 
scan  rate  of  SOmV*”1. 


The  paucity  of  published  data  on  the  electrochenlatry  of  triaulfldes 
prevents  definitive  assignments  of  the  redox  processes,  however  the  principal 
reduction  processes  may  be  envisaged  as  follows: 


BuSSSBu  ♦  2e  *  BuSS*  ♦  BuS’, 

peak 

(1),  -2.079V 

(19) 

BuSS*  +  2e  *  BuS"  ♦  S2’, 

peak 

(I*),  -2.347V 

(20) 

although  cheadcal  reactions  may  be  involved. 

h  group  of  three  oxidation  peaks  (2),  centred  at  -0.733V,  arises 
from  the  reduction  products  (process  1  end  i')  in  a  similar  way  to  that 
observed  in  the  thiols  and  disulflds*.  At  a  scan  rate  of  200mVe~1  they  are 
more  prominent  and  occur  in  the  range  -0.883  to  -0.573V.  These  oxidation 
processes  begin  at  more  negative  potentials  than  those  of  the  corresponding 
thiol  end  disulfide  and  consequently  eons  are  thermodynamically  more 
favourable.  The  oxidation  processes  could  include  the  following  reactions: 


BuflS*  ♦  Bus*  ♦  BuSSSBu  ♦  2a  (21) 
8u8"  ♦  SJ*  *  BuSS"  ♦  2e  (22) 
2BuS  ■  BuSSBu  *  2»  (23) 
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As  in  the  case  of  the  thiol*  and  disulfides,  competing  chemical  reactions  In 
fact  occur  aa  indicated  by  the  lean  rate  dependence. 


The  oxidation  of  BuSSSBu,  peak  (1),  occurs  at  *0.837v  at  SQmV*'1 
acan  rata  and  intensifies  on  scanning  through  peaks  (i,i'1.  It  la  probable 
that  electroactive  products  from  the  previous  processes  (22,21)  also 
contribute  to  this  oxidation  peak: 


BuSSSBu  ♦  product(s)  *  ne,  peak  (3),  0.837V  (24) 

BuSS*  * 


BuSSBu  * 


At  more  rapid  scan  rates  (>  '00  eVs"  )  additional  reduction  peeks 
(4,5)  are  observed  subsequent  to  peak  (3)  (fig.  4).  Thus  additional 
electromotive  species  (say  A  and  B)  are  generated  by  the  processes 
contributing  to  peak  (3): 


BuSSSBu  *  A  *  8  ♦  ne, 

peak 

n- 

A  ♦  ne  *  A1  , 

peak 

B  ♦  ne  *  b"-, 

peak 

(3) ,  *0.8797  (200»Vs*’)  (25) 

(4) ,  -0.913V  (200mVs"’) 

(5) ,  -1.853V  (200»Ve*') 


The  nature  of  the  products  A  end  8  is  unknown  but  thay  are  unlikely  to  be 
disulfides  as  the  reduction  potentials  ars  too  positive.  The  absence  of  peaks 
(4)  and  (5)  at  low  acan  rates  suggests  that  A  and  B  are  unstable  end  undergo 
chemical  reactions  on  the  cyclic  voltammetry  time  seals. 


A  sera  dstailsd  examination  is  currently  being  undertaken  into  theae 
electrode  processes  but  the  present  preliminary  study  is  sufficient  for 
meaningful  comparisons  with  polysuifide  prapolymars. 

(d)  Polysuifide  Prnpolymars  (Thlokola) 

saving  studied  the  cyclic  voltammetry  of  some  thiols,  disulfides  and 
a  tri sulfide,  it  la  now  possible  to  examine  the  cyclic  voltammetry  of 
commercial  polysuifide  prapolymars  and  to  assign  electrode  reactions  by 
analogy.  Beglecting  the  small  dlffarencea  in  cross  Linking  and  molseular 
weight,  the  various  polysuifide  pre polymers  differ  aminly  in  the  ratio  of 
thiol  to  disulfide  (1,21.  IP-3  has  the  highest  thiol  content  of  the  Thlokol 
prapolymars  currently  available  (21. 

The  cyclic  voltammetry  of  LF-3  (Pig.  5)  is  aisdlar  to  that  expected 
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for  a  mixture  of  a  thiol  and  a  disulfide.  Sons  features  of  the 
electrochemical  behaviour  of  the  prepolymer  are  lamedlats ly  apparent.  The 
-OCHjO-  aoiety  appears  to  be  electroinactive  and  there  appear  to  be  no 
processes  which  nay  be  construed  as  being  due  to  the  presence  of  a 
trisulfide.  Consequently,  the  peaks  nay  be  attributed  to  the  following 
processes  (at  iO(^iVt~,)t 


USSR  ♦  2e  *  2RS 


2RSH  +  2e  *  2RS 


peak  (1),  -2. 31V 


(26) 


2RS"  *  USSR  *  2a, 

RSSR  «  [RSSR)*  ♦  e 
2RSH  *  RSSR  *  2H*  ♦  2e 


peak  12),  -0.6SV 


peak  (3) ,  +0.  890V 


(27) 


The  peak  potentials  Of  LP-3  are  In  good  agreenent  with  those  of  the 
aliphatic  sulfur  analogues.  Peak  (4)  which  was  observed  with  the  thiols,  is 
not  evident  in  the  cyclic  woltasnetry  of  LP-3.  This  Is  due  to  the  low 
concentration  of  thiol  in  the  prepolyner. 

analysis  of  peaks  (1),  (2)  and  <3)  by  exa  si  nation  of  the  variation 
in  peak  current  with  scan  rata,  shows  that  only  process  (1)  Is  diffusion 
controllad  (Table  ').  A  plot  of  peak  currant  versus  concentration  of  LP-3 
gives  s  straight  line  for  peaks  (1)  and  (3)  but  not  for  peak  (2)  (Pigs. 

6-8).  This  is  consistent  with  the  reactions  associated  with  title  peak  as 
previously  discussed ■  Thus  peaks  ( i )  and  (3),  preferably  the  foraer,  say  be 
used  for  quantitative  analysis  of  silfur  groups. 


The  cyclic  voltammetry  of  LP-2,  which  contains  l.S-2.5  percent  i 

thiol.  Is  very  slsilar  to  that  of  LP-3.  The  low  concentration  of  thiol  is  I 

reflected  the  low  intensities  of  peaks  (2)  and  (3)  (Pig.  9).  Again,  peak  (4)  ] 

is  not  observed  tor  the  saaa  reason.  Analysis  of  these  peaks  (Table  2)  j 

sistilsrly  shows  that  only  peak  (1)  la  diffusion  controlled.  The  variation  of 
peek  current  with  concentration  is  linear  for  only  this  peak  (Pigs.  10-12). 

Thus  cyclic  voltSMstry  at  a  gold  alsctrode  of  fare  tha  possibility 
of  e  quantitative  detarsination  of  sulfur  in  polysulfida  prspolymsrs.  It  also 
s nab la a  a  facile  determination  of  tha  prapolymsr  content  (for  known  coaaerclal 
prepolymers )  in  a  co—rolal  formulation.  This  tsohnigue  Is  far  lass  time 
consuming  than  tha  traditional  aathod  of  disulfids  determination  by  reduction 
with  sine  amalgam  followed  by  tha  determination  of  tha  thiol  with  silver 
nitrate  (23).  Tha  thiol  content  may  also  be  determined  elsctrochemically  but 
with  a  lower  degree  of  reliability,  particularly  at  low  concentrations  (2 
peresnt).  Further  quantitative  work  is  currently  being  undertaken  using  a 
rotating  disc  elaetrode. 
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EXPERIMENTAL 


). 


Ihe  thiols  and  farrocene  wars  purchasad  f roe  Aldrich  Chaaical  Co. 
Butanathlol  was  distilled  undar  nitrogen  prior  to  usa.  Dipentyl  disulfide  and 
dl  butyl  dlaulflda  warn  pro  pa  rad  f  roe  tha  cor  rat  ponding  thiola  by  oxidation 
with  hydropan  paroxida  (241  and  di butyl  trlaulflda  waa  synthesised  by  reaction 
of  tulfur  dlchlorlda  with  l -bu tana thiol  (25].  Analytical  grad*  (Onlwar)  N,N- 
diaethy  If  oraamide  waa  obtalnad  fro*  Ajax  Chanicala  and  waa  uaed  without 
furthar  purification.  Tetraathylaeaonlua  parchlorata  (Fluka)  waa 
racryatalliaad  twlca  froa  hot  wator  and  drlad  at  SC'C.  Thlokol  lp-3  and  LP-2 
wara  us  ad  at  suppliad  by  Thlokol  Corporation ,  USA. 

Tha  cyclic  voltaaaatry  measurements  wars  carriad  out  undar  argon  in 
a  1'  'w')  Prlnoaton  Appliad  Research  alactrochaaical  call  using  a  gold  wlra 
wc-  g  alactroda  and  a  platlnua  wlra  countar  alactroda.  A  rsfaranca 
alactroda  (aquaoua  aaturatad  calomel  alactroda)  waa  aaintalnad  in  alactrlcal 
contact  with  tha  call  solution  hi  a  Luggin  tuba  containing  a  glaaa  frit 
(porosity  1)  and  filled  with  solution  containing  tha  supporting  alaetrolyta 
(O.’M).  Tha  tast  coapounda  wara  praaant  at  a  concentration  of  0.0034  unless 
otherwise  indicated.  A  otah  Electronic*  nodal  0152  potantioatat  waa  used 
together  with  a  nodal  0151  awaap  generator.  Tha  voltaaaograaa  wara  recorded 
on  a  Rlkadenkl  aodal  RM-101  X-Y  recorder.  All  potentials  quoted  In  this  work 
are  referenced  to  tha  fc*/Fe  couple  (+C.400V  w*.  MHO  unlaaa  otharwlaa  stated. 
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TABLE 


ANALYSIS  Of  PEAX3  (1).  (2)  AMD  (3)  IN  THE  CYCLIC  VOLTMHOGRAH  0 T  LP-3 


P«ak  ( i ) 


Rata  (r) 

aVa-1 

B^(V3.  Fc*7Pc  ) 

V 

!  »> 
lpc 

1  .  V~ 
pc-v 

|iAnV  '2 

500 

-2.355 

272.5 

12.2 

200 

-2.330 

182.5 

12.9 

100 

-2.310 

122 

12.2 

50 

-2.335 

87 

12.3 

20 

-2.260 

57.5 

12.9 

hik  <  2) 


Scan  Rata 

■Va"1 

esL{vt-  rc*/*e> 

V 

M* 

1  ^2 
pAaV~  ^2  a  Vl 

500 

-0.600 

45 

2.01 

200 

-0.620 

25 

1.77 

100 

-0.670 

8 

0.80 

50 

-0.715 

4.5 

0.61 

20 

-0.780 

1 

0.22 

Peak  13) 


500 

♦0.930 

100 

4.5 

200 

♦0.900 

47.5 

100 

♦0.890 

42 

4.2 

50 

♦0.870 

14 

20 

♦0.850 

5 

1  a  1 

•  Cathodio  paak  potential 
b  cathodic  paak  ctrrent 
c  Anodio  puk  potential 
d  Anodic  paak  ear rant 


I 


\ 


TABLE _ 2 


'HAimS  OP  PEAKS  (1),  (2)  AMD  (3)  IK  THE  CYCLIC  VOLTAMMOGRAM  Or  LF-2 


Paak  (1) 

Scan  Rata  ( » ) 

■Va”' 

EpC(va.  Tc* /Yc ) 

V 

V6 

P* 

1  »-  V2 

lpc# 

*  1/  V 

HAnV  72  9 

1000 

-2.319 

162.0 

4.74 

500 

-2.299 

110.4 

4.85 

200 

-2.299 

66.0 

4.67 

100 

-2.299 

48.5 

4.94 

50 

-2.311 

33.5 

5.12 

P*ak  (2) 


3can  Rata 

■Va*’ 

fpJ(V*‘PC*/FC) 

V 

P* 

l  .  V& 

P  -  1/  1/ 
pAaV  '2  a  2 

1000 

•0.605 

32.0 

1 .01 

500 

-0.625 

21.0 

0.94 

200 

•0.665 

10.5 

0.74 

100 

-0.725 

4.0 

0.40 

50 

- 

- 

PaaX  (3) 

1000 

♦0.935 

68.0 

2.15 

500 

♦0.915 

40. 0 

1.78 

200 

♦0.905 

17.0 

1.20 

100 

♦0.865 

9.0 

0.90 

50 

♦0.845 

5.0 

0.22 

a  Cathodic  p«u  potential 
t>  Cathodic  paaX  currant 
c  Anodic  paaX  potantial 
d  Anodic  paaX  currant 


-2  4 


-0  8 

E/V  vi.  Fc'/Fc 


0 


0-8 


ET 

i 


FIOTM  1.  •  Cyclic  iml  reeeriiji  ie  (current  «a.  potential )  of  butene  thiol  in 

O.iH  Et4HCl04/D*ff  at  a  gold  electrode  end  lOOeVe"1  ecen  rete. 


E/V  v».  fe'/Fe 


FIOTH*  2  - 


Cyclic  voltuKxjru  (current  v*.  potential)  of  dibutyl  diaulfida 
in  0,1M  Bt -HClO^/Lier  at  cold  alootroda  and  200»v»"  acan  rata. 


T 


-» - 1 -  -  .J - L 

2-4  -1-8  -0-B  0  0-8 

e/v  »i.  ft/ tc 


PlGtJM  )  -  Cyclic  volt  ifi  Tram  (currant  v».  potential)  of  di  butyl 

triaelf  Ida  tn  0.1H  Et^aciOj/mr  at  90 1  <3  alactroda  and  S0»v» 
lean  rata . 


2  4 


1-8 


0-8 

e/v  »»,  ft/ ft 


o 


00 


riaou  4 


Cyclic  volte»»ocree  (current  v».  potential )  of  dimity! 
t-ltulf  lde  In  0.1M  8t4«C104/OMF  »t  cold  electrode  end  200»Vt 
teen  rete. 


l/v  T»  ft'/tc 


PI  sou  $  -  Cyclia  veltaaaogria  (current  vs.  potential)  of  L»-3  poly»uUid< 

prapolysar  In  O.m  «t4«C104/DMf  at  Told  alactroda  and  IOObVi*’ 
•oan  rata. 


Cone  /mM 


FICtIRS  6  - 


Variation  of  peak  ( » >  currant  with  concentration  (baaed  on  the 
aonoaar  unit)  of  LP-J  at  lOOaVa*1  acan  rata. 


Variation  of  peak  (2)  currant  with  concentration  (baaed  on  the 
aonoaar  unit)  of  LP-3  at  lOOaVa"  acan  rata. 


FIGDRl  7 


i pa/p  A 


1 


J 

r 


-2-4  -1«  -08  0  0-8 

E/V  *i.  Fe'/Fc 


FIGURE  9  -  Cyclic  voltaaaograa  of  (current  v» .  potential)  LP-2  polyaolfida 

in  0. 1M  Bt4HC104/t>nr  at  •  9«14  alactroda. 


FICOM  12  - 


Variation  of  pmX  (3)  currant  with  con  contrition  (bind  on  thi 
monamr  unit)  of  LF-2  at  2001V*'1  a  can  rata. 
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